Conventional ␣ ␤ T cell precursors undergo positive selection in the thymic cortex. When this is successful, they migrate to the medulla and are exposed to tissue-specifi c antigens (TSA) for purposes of central tolerance, and they undergo maturation to become functionally responsive T cells. It is commonly understood that thymocytes spend up to 2 wk in the medulla undergoing these fi nal maturation steps before emigrating to peripheral lymphoid tissues. In addition, emigration is thought to occur via a stochastic mechanism whereby some progenitors leave early and others leave late -a so-called " lucky dip " process. However, recent research has revealed that medullary thymocytes are a heterogeneous mix of naive ␣ ␤ T cell precursors, memory T cells, natural killer T cells, and regulatory T cells. Given this, we revisited the question of how long it takes naive ␣ ␤ T cell precursors to emigrate. We combined the following three approaches to study this question: BrdU labeling, intrathymic injection of a cellular tag, and RAG2p-GFP reporter mice. We established that, on average, naive ␣ ␤ T cell precursors emigrate only 4 -5 d after becoming singlepositive (SP) thymocytes. Furthermore, emigration occurs via a strict " conveyor belt " mechanism, where the oldest thymocytes leave fi rst.
Positive selection occurs in the thymic cortex. This signaling event causes up-regulation of CCR7 and migration of the progenitor to the thymic medulla ( 1 ) . During medullary residency, thymocytes are exposed to tissue-specifi c antigens (TSAs) expressed by medullary thymic epithelial cells (mTECs). They also undergo receptor tuning and fi nal diff erentiation to become a functional naive T cell. Ultimately, such cells emigrate from the thymus via a mechanism that requires KLF2-mediated up-regulation of the sphingosine-1 phosphate receptor (S1P 1 ) ( 2, 3 ) . This entire process is commonly believed to take ‫ف‬ 14 d ( 4 ) .
The time course of medullary residency and emigration have been primarily examined using either single-dose administration of BrdU to track a cohort of cells, or continuous labeling using either BrdU or tritiated thymidine ( 5 -8 ) . Recent thymic emigrants (RTEs) were detected after only 2 d of continuous BrdU administration ( 5 ) . However, continuous labeling studies showed that complete labeling of the mature single-positive (SP) thymocyte pool took up to 20 d ( 7 ). An asynchronous, or " lucky dip, " mechanism was proposed to reconcile these data, and because RTEs were felt to be of various ages based on their expression of heat-stable antigen (HSA) and Qa-2 ( 9 ) . A lengthy medullary residency period has been speculated to be important in allowing thymic progenitors suffi cient time to survey the TSAs displayed by mTECs, as individual antigens are often expressed only in a small fraction of total mTECs ( 10 ) .
Since these studies were published, it has be come apparent that the medulla is also important for the generation of various antigenexperienced populations: NKT cells, T reg cells, and CD8 ␣ ␣ T cells ( 11 ) . Although such populations may be selected in the cortex, their fi nal maturation requires mTECs and is disrupted in mouse strains that lack a normal mTEC compartment ( 12 ) . Furthermore, it is not clear if all NKT cells, T reg cells, and CD8 ␣ ␣ T cells present in the thymus were newly developed because NK1.1 pos NKT cells have been shown to be retained in the thymus long term ( 13 ) , and T reg cells have been shown to be capable of reentering the thymus ( 14 ) . Indeed, activated memory T cells have also been shown to be able to recirculate back to the thymus ( 15, 16 ) , as can naive T cells during various periods of life ( 17, 18 ) . Given this heterogeneity of SP thymocytes, we decided to revisit the question of how long it takes a naive ␣ ␤ T cell progenitor to exit the thymus.
An important tool that was not previously available is the RAG2p-GFP (also called NG-BAC) mouse. This mouse carries a bacterial artifi cial chromosome transgene encoding a modifi ed RAG1/2 locus, where GFP is inserted after the RAG2 promoter ( 19 ) . The RAG genes are highly expressed in double-positive (DP) progenitors, but then are rapidly suppressed after selection. However, the half-life of GFP is such that it lingers long after RAG gene expression is terminated ( 20 ) . Because of this, GFP expression in such mice has the potential to act as a " molecular timer " of thymocyte maturation. Using this tool and careful exclusion of nonconventional ␣ ␤ T cells, as well as antigen-experienced T cells, by phenotypic gating, we were able to determine the kinetics of thymic emigration of naive ␣ ␤ T cells. Surprisingly, we found that naive SP thymocytes emigrate only 4 -5 d after entering the SP pool, via a highly ordered process where only the oldest and most mature cells exit the thymus.
RESULTS AND DISCUSSION SP thymocytes are a heterogeneous mixture of various cell types
For the following studies, we used RAG2p-GFP mice where GFP expression is initiated coincidentally with RAG2. However, the GFP protein lingers after RAG expression is terminated during positive selection at the DP stage, creating a situation where the level of GFP can indicate how much time has passed since positive selection. Thus, DP thymocytes express a uniformly high level of GFP, whereas SP thymocytes show a reduced level ( Fig. 1 A ) ( 20 ) . In fact, the level of GFP expressed on CD4 SP thymocytes is hetero ge neous, with a prominent population of GFP-negative cells (10.8 Ϯ 3.2%; Fig. 1 A ) . This is consistent with heterogeneity in the " age " of SP thymocytes relative to their diff erentiation from DP precursors, and would suggest that some SP thymocytes are retained long-term in the thymus. However, the CD4 SP thymocyte pool includes not only bona fi de naive ␣ ␤ thymocytes, but also NKT cells, T reg cells, ␥ ␦ T cells, and recirculating memory cells. In total, these nonconventional thymocyte populations account for 13.5 Ϯ 1.3% of the total CD4 SP pool (unpublished data), which is in agreement with published data ( 21, 22 ) . We used a " dump " strategy (NK1.1, GL3, and CD25), along with CD44, to exclude NKT cells, ␥ ␦ T cells, T reg cells, and memory T cells, respectively, and found that the majority (80.9 Ϯ 3.2%) of the GFP neg cells were CD44 hi and/or dump pos , whereas the GFP pos thymocytes were primarily (91.9 Ϯ 1.4%) a CD44/dump neg phenotype (henceforth called " naive " ; Fig. 1 B ) . When NKT cells were specifi cally gated, >95% were GFP neg ( Fig. 1 C ) , and T reg cells were ‫ف‬ 60% GFP neg ( Fig. 1 D ) . This low GFP level indicates that the majority of NKT cells and T reg cells have either: (a) recirculated from the periphery, (b) divided extensively, or (c) been retained for long periods in the thymus. Thymic reentry has been reported for T reg cells ( 14 ) , and long retention periods have been reported for NKT cells ( 13 ) . However, it has also been shown that the NKT cells that emigrate from the thymus are NK1.1 neg immature cells ( 23, 24 ) . When we gated on NK1.1 neg CD1d/ ␣ GalCer teteramer pos cells, we found that their GFP profi le more closely resem bled conventional naive ␣ ␤ T cells (unpublished data). 
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the periphery, and was essentially below the limit of detection by day 8 ( Fig. 2 B ) . These kinetics are similar to those previously published ( 6 ) . We also examined the mean fl uorescent intensity (MFI) of GFP in BrdU pos CD4 SPs at various time points, and found that it declined progressively with time, demonstrating that GFP acts as a molecular timer for diff erentiation in these mice ( Fig. 2 C ) . Furthermore, based on the decrease in GFP intensity over this time period, we estimated that the half-life of GFP is ‫ف‬ 56 h in vivo (unpublished data).
Emigration occurs via a synchronous mechanism
We next sought to determine which cells emigrate from the thymus, and if emigration occurs via a lucky dip mechanism or if it functions more similarly to a conveyor belt. To do this, we divided the naive GFP pos CD4 SP thymocytes into three equal bins, which we called GFP hi , GFP mid , and GFP lo ( Fig. 3 A ) . We then examined the three GFP subsets for their expression of molecules known to be changed after positive selection. As expected, some molecules, such as Alk-1 and CD127 (IL-7R ␣ ), were up-regulated after positive selec tion and maintained throughout the lifespan of CD4 SP thymocytes ( Fig. 3 A ) . However, several molecules known to correlate with thymocyte maturity were changed most dramatically only in the oldest, GFP lo thymocytes. Specifi cally, HSA was down-regulated the most in GFP lo thymocytes, as was CD69. Likewise, CD62L and Qa-2 were expressed most highly in GFP lo thymocytes ( Fig. 3 A ) . TCR ␤ pos CD8 SPs were also ex amined, and similar results were obtained, with the exception that GFP, CD69, HSA, and Qa-2 expression indicated that the cells were older and more mature, confi rming that CD8 SPs take longer to transition from the DP stage (Fig. S1 , avai lable at http://www.jem.org/cgi/content/ full/jem.20070601/DC1). Using multicolor cell sorting and Although our approach does not distinguish between cell division, long thymic residency, and thymic reentry in these NKT cells and T reg cells, we emphasize that their presence in previous experiments would certainly have complicated interpretation of the results. For future fl ow cytometry experiments, we used a dump channel consisting of NK1.1, GL3, and CD25, along with CD44, to remove these cell populations from our analyses.
Using this dump strategy, we found that the majority of naive CD4 SPs (98.5%) were uniformly GFP pos . The very small GFP neg population (1.5 ± 0.4%) could theoretically represent thymocytes that were retained in the organ for a long time. Alternatively, they could represent NK1.1 neg NKT cells or, more likely, naive peripheral T cells that recirculated back to the thymus from the periphery during the neonatal period, as naive T cells were shown to recirculate to the thymus in neonatal and old mice ( 17, 18 ) .
GFP intensity acts as a " molecular timer " to follow development
We fi rst sought to confi rm that declining GFP levels in SP thymocytes correlated with increasing age. To do this, we performed a BrdU pulse-chase time course. 2 mg BrdU was injected into RAG2p-GFP mice at the indicated times before harvest, after which, BrdU pos cells were analyzed by fl ow cytometry. Shortly after BrdU administration (2 h to 1 d), cells were still transitioning from the DN to DP pool and there were very few BrdU pos cells present in the SP compartments ( Fig. 2 A ) . By day 3, a notable population of labeled CD4 SPs began to appear. The absolute number of BrdU pos CD4 SP thymocytes reached a maximum at 3 -4 d after BrdU injection ( Fig. 2 B ) . The number of BrdU pos CD4 SPs began to decrease after day 4, which was presumably caused by a combination of medullary negative selection and emigration to the molecules necessary to leave the thymus and are represented among the recently emigrated cells.
Emigration of naive T cells occurs after only 4 -5 d
To estimate how long it takes an SP thymocyte to emi grate, we sought to measure the decay of GFP between the GFP hi SPs present in the thymus, and RTE in the periphery. To translate this into time we determined the half-life of GFP in RAG2p-GFP SP thymocytes cultured in vitro, and found it to be 54 h (see Materials and methods and Fig. S3 , available at http://www.jem.org/cgi/content/full/jem.20070601/DC1). This is similar to the half-life we estimated in vivo (56 h). Thus, we compared the mean fl uorescence of GFP in GFP hi SP thymocytes (those just entering the medullary SP thymocyte pool) to that seen in RTEs 0 -12 h after emigration ( Fig. 4 B ) . From this, we calculated that RTEs are only 4.4 (CD4) or 4.6 d (CD8) older than GFP hi thymocytes on average. Interestingly, CD8 SP thymocytes have a lower GFP intensity than CD4 SPs, again suggesting that they take longer to transition from the DP stage. However, the diff erence in GFP intensity was the same when comparing both GFP hi CD4 or CD8 SP thymocytes and their respective population of RTEs, indicating that medullary residency time is equal for CD4 and CD8 SPs. This timeframe for emigration is also in agreement with the BrdU pulse-chase data, where the majority (85%) of BrdU pos CD4 SPs were gone by 4 d after their peak ( Fig. 2 B ) .
quantitative RT-PCR, we examined the mRNA expression of KLF2 and S1P 1 , which are two molecules that are required for emigration from the thymus ( 2, 3 ). We saw that these molecules were most highly up-regulated in GFP lo thymocytes ( Fig. 3 B ) . Collectively, these data suggest that GFP lo thymocytes bear the most mature phenotype, and that these cells have an " exit " phenotype.
To study emigrants directly, we performed intrathymic injection of a biotinylating agent, which allowed us to track RTEs in the periphery ( Fig. 4 ) . Examination of the SA pos CD4 and CD8 SPs showed that the majority of RTEs are uniformly GFP pos , but a considerable population of GFP neg cells could also be seen, especially in CD4 SPs ( Fig. 4 A ) . However, when we examined these GFP neg cells further, they were found to be mostly CD44 and/or dump pos (not depicted), which was similar to the thymus ( Fig. 1 B ) . This provides further evidence that the CD4 SP pool is heterogeneous and that not all T cells emigrating from the thymus are bona fi de, naive ␣ ␤ T cells. When we compared the GFP intensity of naive RTEs to that of the SP thymocytes, we saw a distinct shift ( Fig. 4 B ) , and the majority of RTEs fell within the GFP lo bin. Furthermore, the ex pression of HSA and Qa-2 on naive phenotype RTEs was uni form and correlated with the GFP lo thymocytes (Fig. S2 , avail able at http://www.jem .org/cgi/content/full/jem.20070601/DC1). These data confi rm that emigration from the thymus occurs via a conveyor belt mechanism, where only the oldest thymocytes express 
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Our data are in agreement with Lucas et al., who showed similar kinetics for thymic development ( 6 ) , and also Tough and Sprent, who showed a linear accumulation of labeled cells in the periphery after only a few days ( 5 ) . In this study, we have extended those results by making use of RAG2p-GFP mice and 10-parameter fl ow cytometry to reexamine thymic emigration in more precise detail. Our data are in apparent opposition to results obtained by Egerton et al. who showed, with continuous 3 H labeling, that complete labeling of the CD4 SP pool required 20 d ( 7 ), and that RTEs were of various stages of maturity ( 9 ) . To reconcile these data, Scollay and Godfrey proposed a " lucky dip " model where the average residency time of SP thymocytes is ‫ف‬ 14 d ( 25 ), which has long remained dogma. However, at that time the degree of heterogeneity in the CD4 SP pool was not appreciated. Their analysis of CD4 pos CD8 neg CD3 pos cells would have included T reg cells, NKT cells, ␥ ␦ cells, and mature recirculating cells. In an attempt to reconcile these fi ndings, we performed continuous BrdU labeling studies and found that naive CD4 and CD8 SPs approached complete labeling after only 8 -9 d, which was just 4 d after TCR ␤ pos DPs were completely labeled ( Fig. 5 ) . However, CD44/dump pos cells had only reached ‫ف‬ 50% BrdU pos in this timeframe, and when specifi cally gated, T reg cells, ␥ ␦ T cells, NKT cells, and memory T cells all had a large fraction of BrdU neg cells, even at day 11.
It has also been observed by several groups that mature SPs can undergo a minimal amount of proliferation ( 26 -29 ) . Our analysis of the few cycling SPs defi ned at 1 h after BrdU injection confi rmed that most of these are naive ␣ ␤ thymocytes and that more proliferation is seen in CD8 SPs, compared with CD4 SPs (Fig. S4 , available at http://www.jem .org/cgi/content/full/jem.20070601/DC1). This diff erence between CD4 and CD8 SPs likely accounts for the slightly diff erent labeling kinetics observed in continuous labeling experiments ( Fig. 5 B ) . Furthermore, we note that the BrdU pos SP thymocytes do not represent any specifi c maturation state based on GFP expression (Fig. S4, top) or any other maturation marker, e.g., Qa-2 or HSA (not depicted). Neither our estimation of medullary residency time based on the GFP intensity of RTEs compared with SP thymocytes nor previous estimates based on BrdU 3 H incorporation take into account this putative division of SPs after positive selection. However, we note that because cell division would further dilute GFP, our data is, if anything, an overestimate of medullary residency time, and emigration may happen even more quickly. In summary, our data show that naive ␣ ␤ T cells emigrate quickly and synchronously. They further suggest that the T cells that " emigrate " late are mostly a heterogeneous mix of NKT cells, ␥ ␦ T cells, T reg cells, and memory T cells. In fact, it is probable that these cells, or a substantial The expression of GFP in naive CD4 and CD8 RTEs compared with naive CD4 and CD8 SP thymocytes, respectively. Gates were drawn on naive CD4 and CD8 SP thymocytes, as seen in Fig. 3 . The MFI for the indicated subsets is shown below the histogram. The CV values were as follows: CD4 SP, 57.59; CD4 RTE, 59.29; CD8 SP, 73.44; and CD8 RTE, 74.68. For comparison, DP thymocytes were 34.52. The MFI values were used to estimate the average difference in age between the youngest (GFP hi ) SP thymocyte and a RTE, as described in the Materials and methods (shown on right, in days).
MATERIALS AND METHODS
Mice. RAG2p-GFP mice have been previously described ( 19 ) , and they were provided by P. Fink (University of Washington, Seattle, WA). All animals were maintained and treated in accordance with federal guidelines approved by the University of Minnesota Institutional Animal Care Committee.
Antibodies and fl ow cytometry. All fl uorochrome-conjugated and biotinylated antibodies were purchased from BD Biosciences, eBioscience, Invitrogen, or BioLegend, except for biotinylated mCD1d/ ␣ GalCer monomers, which were obtained from the National Institutes of Health Tetramer Facility (Atlanta, GA). Tetramers were formed by mixing monomers with streptavidin PE at a molar ratio of 1:6. Anti-BrdU (PRB-1) was purchased from Phoenix Flow Systems. Conventional surface staining was performed by staining cells with antibody for 30 min on ice in FACS buff er (PBS, 1% FCS, and 0.02% azide, pH 7.2) and washing two times in FACS buff er after each antibody incubation. Intracellular Foxp3 staining was performed using the Mouse Regulatory T Cell Staining kit (eBioscience). Cell events were collected using an LSR-II cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star, Inc.).
BrdU labeling. BrdU pulse-chase time courses were performed as previously described ( 6 ) . 100 l of 10 mg/ml BrdU (Sigma-Aldrich; B5002) was injected intraperitoneally twice at 4-h intervals for a total of 2 mg/mouse at the indicated time point before harvest. Thymi were harvested and surface stained as described in the previous paragraph, followed by intracellular staining for BrdU using the APC BrdU fl ow kit (BD Biosciences), with the substitution of the anti-BrdU antibody mentioned in the previous paragraph. Continuous BrdU labeling was performed similarly with the following exceptions, as previously described ( 37 ) . Groups of 3 mice were injected intraperitoneally with 1 mg BrdU at the indicated time point before harvest, and then continuously given 0.8 mg/ml BrdU in sterile drinking water that was changed daily until harvest.
Cell sorting and quantitative RT-PCR. Thymocyte subsets were purifi ed by FACS-sorting on a FACSVantage (Becton Dickinson). RNA was isolated from sorted populations by oligo(dT) and random hexamer priming using the RNeasy kit (Qiagen), and cDNA was produced using the SuperScriptIII Platinum Two-Step qRT-PCR kit (Invitrogen). qRT-PCR was proportion of them, are recirculating, as opposed to emigrating late.
Given our fi nding that medullary residency is much shorter than previously thought, a pertinent question is asked -is this a problem for central tolerance? Not only do SP thymocytes require interaction with the medulla to tune their TCR and lose responsiveness to self-ligands ( 30 ), but they also undergo negative selection to TSA in the medulla. Furthermore, SP thymocytes are only competent to undergo clonal deletion at the semimature stage (HSA hi and Qa-2 neg ), which is roughly the fi rst two thirds of their residency time (unpublished data). Given that some TSAs are expressed only by rare mTECs ( 10 ) , and that loss of tolerance to just one TSA is capable of causing autoimmunity ( 31 ), a short medullary residency time might be a point of weakness in the central tolerance arsenal. A comprehensive understanding of TCR tuning and medullar deletion (including AIRE-mediated), must take into account this kinetic aspect. Lastly, the means by which thymocytes leave the organ is poorly understood. Selected thymocytes migrate to the medulla in a CCR7-dependent manner. Thus, it would stand to reason that emigration occurs via an exit route from the medulla. However, CCR7-defi cient mice appear to have normal thymic emigration, even though they show poor accumulation of SP thymocytes in the medulla ( 1, 32 ) . This suggests that migration to the medulla is not a prerequisite for emigration, and that exit routes from the thymus are present in both the cortex and the medulla. It is possible that emigration occurs either through the lymphatic system, or through blood vessels ( 33 -35 ) . Perivascular spaces were proposed as a site for emigration, but this has not been proven ( 35, 36 ) . It is our hope that this study of the kinetics and phenotype of emigrating thymocytes will lead to greater understanding of this process in the future. 
